The fidelity and progression of DNA synthesis is critically dependent on the correct balance and availability of the deoxynucleoside triphosphate (dNTP) precursors for the polymerases involved in DNA replication and repair. Because folate-derived one-carbon groups are essential for the de novo synthesis of both purines and pyrimidines, the purpose of this study was to determine the effect of folate deprivation on deoxynucleotide pool levels and cell cycle progression. Primary cultures of phytohemagglutin (PHA)-stimulated splenocytes were used as the cellular model. T-cells and macrophages were purified from spleen cell suspensions obtained from F344 rats and recombined in culture. The cells were harvested after a 66-hr incubation with PHA and analyzed for nucleotide levels by reverse-phase HPLC with diode array detection. The proportion of cells in the different phases of the cell cycle was determined by bivariate flow cytometric measurement of bromodeoxyuridine (BrdU) incorporation and DNA content (propidium iodide staining). PHA-stimulated T-cells cultured in medium lacking folate and methionine manifested significant decreases in the deoxynucleotides dCTP, dTMP, dGTP, and dATP relative to cells cultured in complete medium. The reduction in dNTP pools was associated with a decrease in the corresponding ribonucleotide pools. Flow cytometric analysis revealed a 2-fold increase in S and G2/mitosis (GJM) DNA content in PHA-stimulated cells cultured in the medium lacking folate and methionine, which suggests a delay in cell cycle progression. These alterations in DNA content were accompanied by a 5-fold decrease in BrdU incorporation relative to PHA-stimulated cells cultured in complete medium. Supplementation of the deficient medium with folate resulted in normalization of dNTP content and BrdU incorporation. The data are consistent with the interpretation that folate deprivation results in reduced dNTP levels that may retard DNA synthesis and cell cycle progression.
Introduction
The synthesis and turnover of deoxynucleoside triphosphate (dNTP) pools are tightly coupled to DNA synthesis (1) . Because folate-derived one-carbon groups are essential for the de novo synthesis of purines and pyrimidines, it was of interest to determine the effect of folate deprivation on nucleotide pools, DNA synthesis, and cell cycle progression. In addition to folate, methionine was omitted from the medium to increase the intracellular folate requirement and further stress folate availability for dNTP biosynthesis (2, 3) . The irreversible diversion of 5,10-methylene tetrahydrofolate to 5-methyl-tetrahydrofolate for the regeneration of methionine further compromises folate availability for de novo nucleotide synthesis (Fig. 1) . Since dNTPs are the immediate precursors for the polymerases involved in DNA replication and repair, the fidelity of DNA synthesis is critically dependent on the correct balance and availability of deoxynucleotides (4, 5) . Several studies have shown that dNTP imbalance in vitro induced by antifolate drugs will promote certain genetic (and cancer-associated) lesions including folate-sensitive fragile site expression (6, 7) , DNA strand breakage (8) , errorprone DNA repair (9) , and mutagenesis (10) . In the present study we Figure 3 . The proportion of cells in the various phases of the cell cycle are presented in Table   2 . In the cells cultured in complete M199, PHA stimulation resulted in a marked increase in BrdU incorporation as expected (Fig. 3 A,B) . However, BrdU incorporation in PHA-stimulated cells cultured in the deficient medium was reduced 5-fold to that equivalent to cells cultured without PHA in the complete medium (Fig. 3A,C) . The proportion of PHA-stimulated cells in S and G2/M in the deficient medium was increased 2-fold compared to PHA-stimulated cells cultured in the complete medium and may reflect a delay in cell cycle progression (Fig. 3B,C) . Supplementation of the deficient medium to control levels of folate and methionine allowed the cells to progress normally through the cell cycle with kinetics comparable to cells cultured in complete M199 (Fig. 3B,D) . 
Discussion
Agents or conditions that alter the balance of intracellular deoxynucleotides have been previously shown to alter the rate of DNA synthesis and cell-cycle progression. For example, lymphocytes exposed to antifolate drugs such as 5-fluorouracil or methotrexate exhibit deoxynucleotide pool imbalance and arrest of DNA synthesis (8, 13) . Hydroxyurea suppresses replicative DNA synthesis by inhibiting ribonucleotide reductase and depleting dNTP pools (14, 15) . DNA replication fork movement has been shown to be reduced in human megaloblastic lymphocytes (16) that also exhibit dNTP pool imbalance. In other studies, alterations in dNTP pools have been associated with DNA strand breakage (8), mutagenesis (10, 17) , and error-prone DNA repair (18, 19) . In the present study, the effect of folate and methionine deprivation on nucleotide and deoxynucleotide pools and cell-cycle kinetics was evaluated in primary cultures of PHAstimulated T-cells. The observed decrease in T-cell nucleotide and deoxynucleotide derivatives of adenine, guanine, uridine, and cytidine under conditions of folate deficiency would suggest a decrease in folatedependent de novo nucleotide synthesis and/or an increase in nucleotide degradation.
The decrease in nucleotide pool levels in T-cells cultured under folate-deficient conditions was associated with a delay in cell-cycle progression and an apparent arrest in DNA synthesis. Taken together, the data presented support the hypothesis that alterations in dNTP pool size may directly or indirectly affect the rate of DNA synthesis and cell-cycle progression. 
